In this article a model of irreversible dynamic thermoelasticity of an ideal continuua is constructed from an elasticity theory of asymmetrical, transversely isotropic in time direction, dissipative defectless 4D-continuum. In the model the fourth component of the 4D-displacement vector is locally irregular time R. The kinematic model comprises 3D-tensor of distortion, 3D-vector of velocity, 3D-gradient vector of local irregular time and entropy in unified tensor object which is an asymmetrical 4D-tensor of distortion of second rank. Consequently, the force model comprises 3D-tensor of stress, 3D-vector of impulses, 3D-vector of heat flow and temperature in unified tensor object which is an asymmetrical 4D-stress tensor of second rank. Hooke's law equations have been formulated which connect components of asymmetrical 4D-tensors of stress and distortion. Physical interpretations have been given to the tensors' components of thermomechanical properties of formulated continuum. Therefore, the article formulate an irreversible dynamic thermoelasticity covariant model of ideal (defectless) continua in which basic kinematic and force variables are components of unified tensor objects and theory is represented by 4D-vector equation. Sedov's equation has been derived and resulted into Euler's equations, space projections of which determine motion equations, and time projection determines heat conductivity equation as well as the whole spectrum of the space-time boundary value problems. The proposed theory allows one to describe the scale effects in the thermal processes and opens prospects for studying the scale effects of the coupled dynamic thermoelasticity and its nanoscience applications. A temperature-scale refinement can also broaden the range of applicability of the law of heat conduction in solids to allow for design of small-sized components, devices and nano-systems.
Introduction
In articles [1] [2] [3] [4] [5] [6] [7] "kinematic" variable principle was used to describe continua models. The essence of "kinematic" variable principle is the principle of possible displacements with restrictions. As it is known, the principle of possible displacements is a universal variable principle which allows one to model successfully both reversible and irreversible processes. Using this principle for construction of an elasticity theory model the authors succeeded in developing a covariant model of reversible dynamic thermoelasticity [7] [8] [9] [10] . Herein it was demonstrated that the formulation of any thermodynamic model (reversible or irreversible) as 4D-continuum model contradicts the traditional notion about 4D-continua physical isotropy. This notion was substituted by the notion of transverse isotropy of 4D-continua in direction of time. These articles also demonstrated that the difference of physical properties of heat flow and impulse requires the cancellation of 4D-stress tensor symmetry hypotheses. In this article "kinematic" variable principle is used for the formulation of irreversible dynamic thermoelasticity model from an asymmetrical elasticity theory of ideal (defectless) dissipative 4D-continuum model.
Kinematic model
The kinematic model has been chosen to be similar to dynamic symmetrical thermoelasticity model [1, [7] [8] [9] . These works give only definitions and necessary relations which have been proved in article [10] . 4D-space coordinate system is defined by space coordinates 1 , 2 , 3 and by the fourth coordinate 4 . The fourth coordinate is defined by normalized time ( 4 = ν , = √ −1, ν -normalization factor, -time). 4D-displacement vector R takes the form:
Here δ -Kroneker tensor in 4D-space (δ δ = 4), δ * = δ − N N -Kroneker tensor in 3D-space (δ * δ * = 3). Components of vector field of 4D-displacements R are selected as independent influential parameters of the model. Along with 4D-displacement vector field R , the 4D-distortion tensor field 0 = R was introduced, components of which are dependent influential parameters of the model in the frames of selected model. Article [10] dictated the generalization of kinematic variables tensor into the asymmetrical case due to the necessity of description of different physical properties of classical impulse and heat flow. 4D-distortion tensor 0 was introduced in the form of extension of the following real components:
• "3D-strain tensor" of form change γ 0 = R (δ * δ * /2 + δ * δ * /2 − δ * δ * /3),
• "3D pseudovector" of rotation
is the Levi-Civita tensor in 4D-space.
• "3D-vector " of velocities 0 =
• "3D-gradient vector" of local time 0 = 1
-of "3D spherical tensor" amplitude of volume change,
Thus kinematic model includes real components of 4D-displacement R (2.1) vector field and real components of 4D-distortion tensor field γ 0 , θ 0 , ω 0 , 0 , 0 , S 0 (2.2).
Variational formulation
In articles [7] [8] [9] it was stated in the general case that in the frame of physical linear continua, "kinematic" variable principle allows one to transform the variation equation of virtual work to Sedov's equation with agreed list of kinematic variables in reversible and dissipative parts:
Here Q and are kinematic variables in 4D-volume and on 3D-hypersurface correspondingly, C and A are tensors of thermomechanical moduli in 4D-volume and adhesive moduli on 3D-hypersurface in reversible part, tensors of dissipative moduli were defined similarlyC andĀ . This article provides details of Sedov's equation structure, in which reversible part is represented as Lagrangian variation
and irreversible part as a sum of "dissipation channels" with N V dissipation channels in continuum volume and with N F dissipation channels on the hypersurface. "Dissipation channel" is defined as simplest nonintegrable linear form of a pair of kinematic variables variations. Such kinematic variables are suggested to be named as "dissipative partners". Let us note, that in the general case the same pair of dissipative partners can define different dissipation channels in continuum volume, on its hypersurface, or in both cases altogether. Having enumerated all identified dissipation channels by variable , δW * can be represented as the channels sum:
Here indexes can have value from one to two, -are dissipative partners of pair,B = −B -is multiindex notation of dissipative moduli tensor for pair, Ω -integration domain of 4D-volume for 1 ≤ ≤ N V and integration domain of hypersurface F for N V + 1 ≤ ≤ M V + N F . Thus if reversible continuum model is known, the matter of the construction of a corresponding irreversible model results in the construction of all possible dissipation channels for kinematic variables which are in the list of reversible model. The defining of dissipative partners is simplified due to dissipation channels' number does not exceed the number of bilinear terms in the Lagrangian of reversible part and dissipative partners of each channel are multipliers of the same bilinear term in the Lagrangian of reversible part.
In previous article [10] reversible dynamic thermoelastisity model of ideal (defectless) continua was formulated by the following Lagrangian:
Generally tensors of thermomechanical properties C have the following structure:
Tensors of thermomechanical properties C 11 and C 22 are symmetrical in the case of permutation of the indexes of the first and second pair and, due to the existence of potential energy and without simplifying hypotheses, they are defined by the eight moduli:
Having defined dissipation channels using bilinear term in Lagrangian (3.1), let's construct a corresponding irreversible dynamic thermoelastisity model and then Sedov's equation of the required dissipative model. The first component of potential energy in (3.1) has two bilinear terms with moduli (C 11 2 + C 11 3 )/2 and (C 11 9 + C 11 10 )/2. The dissipation channels corresponding to these bilinear terms can be defined by moduli with a lineC 11 1 = (C 11 2 − C 11 3 )/2 andC 11 2 = (C 11 9 − C 11 10 )/2. These dissipation channels will have the following structure:
Dissipative moduli tensor has been introduced herē
The second component of potential energy in (3.1) consists of bilinear terms. Therefore by analogy with variation of this bilinear form
let's introduce corresponding dissipative channels as:
Here tensors C 12 andC 12 contain ten moduli in the general case (3.2). However, specific structure of asymmetric tensor (R N ) dictates that only four moduli are significant for model construction in each tensor. Thus only significant moduli will be taken into account in the structure of these tensors: shows that the specific structure of asymmetric tensor (R N ) dictates that this energy component has no bilinear terms and therefore there are no corresponding dissipation channels. Thus we add only two moduli C 22 4 C 22 7 to the total quantity of moduli. The total number is twenty. Fourteen moduli (8 + 4 + 2) relate to reversible processes, six moduli relate to irreversible processes. Final formulation of irreversible coupled dynamic thermoelastisity model will have the following structure of Sedov's equation:
Equations of Hooke's law will have the following structure:
Euler's equations and space-time boundary problems have been formulated in standard way due to requirement of linear variation form stationarity (3.3).
Euler's equations (3.5) can be written as
Here the volume external influence has been decomposed in space and time components P V = P * + PN /( ), where P * N = 0. The following notation has been introduced -∆( ) =
Laplace operator in 3D-space. The combined system constitutes three equations of motion which are space projections of Euler's equations (3.6): But it occurred that a number of simplifying hypotheses have been formulated in extremely strict conditions. That's why here we have to partially replicate and partially change physical content of simplifying hypotheses in order to formulate simplifying hypotheses in a form which could be applied both to reversible and irreversible dynamic thermoelasticity of ideal (defectless) continua. For constructing irreversible dynamic thermoelasticity model, we will construct 'maximum approximate to classical' variant of reversible/irreversible dynamic thermoelasticity with minimum new thermomechanical properties moduli (which are to be measured experimentally).
Analysis of constitutive equations
Equations of Hooke's law (3.4) for stresses in expanded form have the following structure: 
Proportionality coefficient µ between stress 3D-deviator τ and strain 3D-deviator γ 0 is a doubled shear modulus, which was measured experimentally:
2. Space asymmetry of shear stresses is a consequence of 4D-stresses σ − σ = 0 asymmetry. Thus pseudo-vector τ constructed from asymmetrical components of stress tensor space part of 4D shear stresses can be introduced:
Asymmetry of shear stresses (4.4) is defined by "the third Lame coefficient" χ introduced in works [1, 2] . These articles also establish requirements which are to be fulfilled to ensure physical objectivity of Hooke's law equations for asymmetrical stresses. In accordance with the model constructing concept let us accept the "hypothesis of symmetry for the 4D stress space components" as true, supposing that χ = 0 But as we can guess from (4.6) in the general case the heat flow is seen as a gradient of certain 3D-scalar and a 3D-displacement linear differential operator. So in accordance with the model constructing concept we will try to simplify (4.6) using Fourier hypothesis as a statement that has been checked experimentally. While formulating the simplified reversible model the "weakened Fourier hypothesis" was introduced which postulates the potentiality of the heat flow without specifying the scalar, whose gradient is . It resulted in excessively rigid conditions (C 11 9 + C 11 10 )/2 = 0, (C 11 9 − C 11 10 )/2 = 0, C 12 9 = 0,C 12 9 = 0. In this case the "weakened Fourier hypothesis" results in milder conditions and allows one to simplify Hooke's law equation for heat flow if one considers the combinations of moduli at speed and displacement being equal to null. C 11 9 = 0 C 12 9 = −C 12 9 (4.7)
So the statement of the "weakened Fourier hypothesis" is a strict special case of Hooke's law equation for the irreversible model as well. Actually the heat flow has potential as it becomes proportional to gradient R and is not able to have curls. In (4.6) at (4.7) the heat flow is proportional to another scalar and it means that the proportionality coefficient will not be the thermal conduction coefficient. Let us call it "the thermomechanical modulus for the heat flow" . Naturally the "thermomechanical modulus for the heat flow" β is received with the help of the ratio:
4. The rest part of the non-space components of asymmetric shear stresses is naturally united in 3D-vector of the impulse . In classical mechanics Hooke's equation for the impulse is its definition with the help of the speed. In this case Hooke's law equation for the impulse is more general: While formulating a simplified reversible model "the classical impulse hypothesis" was introduced, i.e. the factors at R-gradient and at displacement were taken as equal to null.
(C 11 9 + C 11 10 )/2 = 0 (C 11 9 − C 11 10 )/2 = 0 C 12 7 = 0 C 12 7 = 0 For the dissipative model these requirements are excessively strict as well. So "the classical impulse hypothesis" in the dissipative model has been changed to the following: Its last two terms express the connectedness of the mechanical and thermal processes. Having differentiated this equation by time we can observe that its non-classical item is a linear differentiating operator of entropyṘ. That means that at the adiabatic processes (Ṙ = 0) the proportionality coefficient between˙ andθ 0 is equal to the adiabatic modulus K , and its value is defined experimentally:
µ, λ are the Lame coefficients.
6. Hooke's law equation for temperature T has the same non-classical form as for the pressure:
If in Hooke's law equations for pressure and temperature (4.12)-(4.14) the linear differential first order operators over R are linearly independent, then eliminating R andṘ in these equations for the pair θ 0 we can have the thermal equation of relaxation-creep. This was under study in works [4] [5] [6] [7] . In these works it was proved that there is only one case of linear algebraic relationship between , θ 0 , T and that was the proving of "Duhamel-Neumann theorem" . The condition under which the statement of Duhamel-Neumann hypothesis is a strict consequence of the non-classical Hooke's law equations for pressure and temperature is the determinant being equal to null and being compiled from the coefficients in linear differential first-order operators over R in Hooke's law equations for and T . In the reversible model this condition had the form C 12 4 (C 11 2 + C 11 3 )/2 − C 11 4 C 12 3 = 0, (C 11 2 − C 11 3 )/2 = 0 and was as well too strict from the point of view of the dissipative model. Due to that the formulating of "Duhamel-Neumann theorem" in the dissipative model has been changed to the following: 
Correspondingly, moduli C 11 2 , C 11 3 are expressed with the help of the known thermomechanical parameters -isothermal modulus K T = 2µ/3 + λ T , the thermal expansion coefficient α and modulus C 11 4 : 11 4 Here one should note the fact that the difference (C 11 2 − C 11 3 )/2 determines the dissipative modulusC 11 1 for the dissipative partnersṘ and ∂ /∂ . In order to simplify the model let us introduce the hypothesis of the absence of this dissipation channel consideringC 11 1 = 0. Then we can find:
Taking into consideration (4.17), (4.18), Hooke's law equations for and T will have the form:
7. Just as in the reversible model let us differentiate Hooke's law equation for temperature with respect to space coordinates forming the 3D temperature gradient, additionally multiplying the derived equation by −β τ C 11 4 and using Hooke's law equation for the heat flow (4.6).
The relationship (4.19) is the generalization of the mathematical formulating of Maxwell-Cattaneo hypothesis [11, 12] :
Here τ is the relaxation time of the heat flow, is the thermal conduction coefficient. At isochoric processes θ 0 = 0 (4.19) coincides with the mathematical formulation of Maxwell-Cattaneo hypothesis [11, 12] and gives the definition of "the thermomechanical modulus for the heat flow" β of continuum through "the isochoric thermal conduction coefficient"
(4.20)
At isobaric processes, = 0, (4.19) also coincides with the mathematical formulation of Maxwell-Cattaneo hypothesis but it results in another definition of "the isobaric thermal conduction coefficient"
The analysis of Hooke's law equation and the formulating of some simplifying hypotheses have made it possible to treat thirteen moduli and to express them through seven known thermomechanical parameters: µ, λ, λ T , α, ρ, V , τ, see (4.18)-(4.20).
Analysis of Euler's equations
Taking into account the derived treatments of the continuum thermomechanical parameters (4.2)-(4.20) the motion equations (3.7) in 4D displacements will have the following form:
In order to transform the motion equation (5.1) into the traditional mixed type (3D displacements + temperature) it is necessary to eliminate simultaneously two terms that are proportional to 3D gradients R andṘ. It is possible only if these two terms have the form that is proportional to the 3D gradient of the linear combination (R + τṘ) that appears in Hooke's law equations for the temperature. With its help it will be possible to eliminate this linear combination. So in accordance with the model formulating concept it is necessary to introduce "the hypothesis of the "classical" motion equations":
Then the motion equations (5.1) have the form: So with the help of the simplifying hypotheses (5.2) and (5.3) in the irreversible model we managed to preserve the classical motion equations taking into consideration the term defining the dynamic friction. It is natural to define the speed factor as the dynamic friction coefficient:C
The thermal conduction equation (3.8) is also derived in the form fixed in relation to the 4D displacements components.
For the isochoric processes θ 0 = 0 the thermal conduction equation can be fixed in relation to the temperature under the influence of the differential temperature operator T = C 11 4 (τṘ + R)/τ corresponding to this case:
T + τṖ + P = 0
Comparing the equation that is formulated here and the classical thermal conduction equation for the isochoric processes we identify the factor at the temperature Laplacian as an isochoric thermal conduction coefficient V and the factor at the first time derivative of the temperature we identify as an isochoric thermal capacity V . So we have:
Taking into consideration (5.5) we present the thermal conduction equation as:
Here unlike (5.3) the Winkler term is preserved and its modulus C 22 4 is represented through another unknown parameter 0 by the analogy of cohesive interactions' modulus in the defective continuums:
For the isobaric processes = 0 we can present the thermal conduction equation in relation to the temperature taking into account (4.17) affecting the equation by the differential temperature operator T = (K T /K )C 11 4 (τṘ + R)/τ which is appropriate to this case:
We identify the first temperature derivative factor just as in the classical thermal conduction equation for isobaric processes with the isobaric thermal capacity
So, taking into account (5.4), (5.6), (5.7) the simplified mixed system of the dynamic thermoelasticity equations has its final form:
Correspondingly, Hooke's law equations for the simplified model have the form:
Let's write the generalized thermal conduction equation in (5.8) in terms of temperature to demonstrate the scale effects in the temperature transfer processes. We consider below the homogeneous equations of motion, assuming that P * = P = 0. First, we apply the divergence operator to the first of equations (5.8). Taking into consideration the constitutive equation for the temperature (5.9) we present the first equation (5.8) as:
The second equation of the system (5.8) also can be written in the terms of the dilatation θ and temperature T :
Excluding the dilation from the system of equations (5.10), (5.11) we obtain a generalized equation of heat conduction:
The coefficients in equation (5.12) are rational functions of the physical parameters of the thermodynamic process ρ, , where is the wave vector, = δ * , and ω is the angular frequency. Then we obtain the dispersion relation relating the angular frequency ω with wave number In the general case, equation (5.14) admits the nine types of solutions that determine the possible features of the processes of heat transport, taking into account the scale effects:
In the description of the wave properties of the temperature field and effects of the formation of spatial structures (nonlocal effects) the local scale effects are of decisive importance. For example, it is easy to ensure that the dispersion ratio for the reversible extended thermodynamics (5.13) for the "long-wave" approximation, the prediction of the waveguide is directly related to the scale parameter. A more detailed analysis of the impact of scale effects on the wave properties of temperatures requires additional specialized studies that are beyond the scope of this paper.
Conclusion
The dynamic thermoelasticity generalization in the case of the dissipative processes just as for the reversible model led to the formulation of the dissipative model in two variants. The first one is characterized by the fact that its formulation is the most general (3.6) and (4.1). The second variant (5.8) and (5.9) is characterized by the fact that its formulation is extremely simplified. For the second variant there are twenty thermomechanical moduli that define tensors C 11 , C 12 ,C 12 , C 22 that are formulated through the continuum parameters, and eight moduli are defined by the simplifying hypotheses. The remaining twelve are expressed through nine known thermomechanical parameters of the continuum: µ, λ, ρ, λ T , α, V , τ, V , and one new non-classical parameter 0 . Let us note here that the general model admits the existence of six dissipation channels in the continuum volume while in the simplified model only two of them are left: the dynamic friction and the thermal capacity which are characterized by the corresponding dissipative moduli and V . It is easy to adapt the simplified model for the new experimentally discovered dissipation channels with the help of the general model.
The proposed theory allows one to describe the scale effects in thermal processes and the wave properties of heat. Hence this opens wide prospects for modeling thermal resonance phenomena and for studying the scale effects in the coupled dynamic thermoelasticity, which is especially important for micro-and nanostructured materials.
